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(57) ABSTRACT

An 1nfusion pump 1includes a pumping mechanism having at
least one sensor and a pump motor and a pump control
subsystem configured to control operation of the pumping
mechanism, the pump control subsystem including a pro-
cessor, a memory, and a startup module configured to drive
the pump motor at a first rate, receive mput from the at least
one sensor, and drive the pump motor at a second rate based
on the mput received from the at least one sensor. Startup
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ing priming of the pump line or otherwise engaging in
known methods of pump startup analysis.
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RELATED SYSTEMS AND METHODS

RELATED APPLICATION

This application 1s a National Phase entry of International
Application No. PCT/US2015/013049, filed on Jan. 27,
2015, which claims the benefit of U.S. Provisional Appli-

cation No. 61/938,264 filed Feb. 11, 2014, each of which 1s
incorporated herein by reference 1n 1ts entirety.

TECHNICAL FIELD

Subject matter hereof relates generally to infusion pumps,
and more particularly, to startup algorithms and related
systems and methods for infusion pumps.

BACKGROUND

Infusion pumps are extremely useful medical devices for
providing prescribed fluids, drugs, and other therapies to
patients. For example, medications such as antibiotics, che-
motherapy drugs, and pain relievers are commonly delivered
to patients via an infusion pump, as are nutrients and other
supplements. Infusion pumps have been used 1n hospaitals,
nursing homes, and 1n other short-term and long-term medi-
cal facilities, as well as for in-home care. Infusion pumps
can be particularly usetul for the delivery of medical thera-
pies requiring an extended period of time for their admin-
istration. There are many types of infusion pumps, including
large volume, patient-controlled analgesia (PCA), elasto-
meric, syringe, enteral, and mnsulin pumps. Infusion pumps
are typically useful 1n various routes ol medication delivery,
including 1intravenously, intra-arterially, subcutaneously,
intraperitoneally, 1n close proximity to nerves, and 1nto an
intraoperative site, epidural space or subarachnoid space.

A measure of eflectiveness of infusion pumps 1s the
startup time, or the length of time between the 1nitiation of
an 1nfusion at a user interface of the pump and the moment
that the instantancous delivery rate actually reaches its
intended steady state. Infusion pump applications that
require precise, and sometimes very small, volumes of fluid
to be delivered over rigidly defined durations of time are
dependent not only on the ability of the delivery system to
accurately achieve and consistently maintain a specific tlow
rate, but on the atorementioned transition or startup time.

Referring to FIG. 1, traditional infusion pumps can have
significant error 1n delivery during the startup time, which
results 1 safety issues such as under-delivery or over-
delivery to the patient. As shown 1n a traditional infusion
pump example of FIG. 1, in which time in minutes 1s
depicted along the x-axis and tlow rate in mL/hr 1s depicted
along the y-axis, the actual delivery rate takes over 30
minutes to reach the target delivery rate (steady state). In
other embodiments of traditional infusion pumps, this delay
can last several hours or more, depending on the type of
pump and/or the infusion being delivered. The total startup
error of delivery rate deviation can therefore be quite large.
As 1llustrated 1n the example of FI1G. 1, a 0.497 mL error, or
nearly 50% underdelivery, exists on a target delivery rate of
1 mL/hr. Clearly, 1t would be beneficial to clinicians and
patients for infusion pumps to reach the target steady state
level faster and 1n a safer manner than current pumps.

A significant factor that contributes to startup time 1s the
drive train or network of mechanical components respon-
sible for transmitting motive force from a motor (or other
means ol motion generation) to the fluid. Gearing, clutch
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assemblies, linkage couplings, and manufacturing or assem-
bly tolerances all introduce varying amounts of discontinu-

ity, “slop,” and “lag,” that act to prevent motive force from
being rapidly or completely translated into fluid tlow.
Another important factor of startup time, particularly for
syringe-type pumps, pertains to the time that must elapse
while the pump’s plunger driver increases the force applied
to the syringe plunger to the point that the force overcomes
opposing forces inherent in the syringe and associated
tubing system and thereby begins to generate motion of the
fluad therethrough. Each syringe has a “breakout force.” The
breakout force 1s the force required to break or overcome
static Iriction (“stiction™) within, or with respect to, the
syringe and begin pumping fluid out of the syringe. Gener-
ally, pumps are started at the speed necessary to produce the
desired steady state, which the actual delivery rate may
eventually reach. Therefore, the alforementioned contribu-
tors to startup time are not considered or compensated for.
As a result, significant delays 1n startup time, such as those
depicted 1n FIG. 1 can result.

Traditionally, 1n order to manage these delays in startup
time, a climcian will often initiate or prime a pump in
advance of a time when delivery to a patient 1s needed and
simply direct the tluid from the pump 1nto a waste container
or sink until the pump begins to visibly pump fluid. Such a
method 1s not only costly and time-consuming, but danger-
ous to the patient who ultimately may therefore not receive
an intended infusion volume.

In another example of managing a delay in startup time,
because 1t may not always be apparent when the infusion
pump has reached a steady state, a clinician may check the
patient’s vital signs 1n order to determine when the pump has
begun pumping fluid. But such an analysis 1s distinctly
disadvantageous, as the patient 1s being used to determine
when the pump has reached a steady state. Such practice
clearly raises patient safety concerns, should the pump be
programmed with an 1ncorrect rate, or an unintended medi-
cation or infusate be unintentionally delivered.

In another example, some pumps physically stop the
syringe’s plunger or the pump’s plunger driver, with a brake
or other stopping mechanism, until the detected force
exerted by the pump on the syringe plunger exceeds a given
running force. At the time the detected force exceeds the
running force, the plunger or the pump’s plunger driver 1s
released. Such an embodiment can result in not only
unneeded wear and tear on the infusion pump and syringe
hardware, but 1n over-delivery to the patient once the
particular component is released.

Therefore, there 1s a need for an infusion pump that
reaches the target delivery rate or steady state 1n minimal
time, which minimizes deviation of the delivery rate from
the target rate (and minimizes accuracy error by reducing the
area under the delivery rate deviation curve of FIG. 1), and
allows clinicians to rapidly start pump delivery without
priming the pump, employing a brake, relying on patient
vital sign data or other analysis, and thereby allowing the
clinicians to maintain manageable and eflicient worktlow
practices and focus more on patient care.

SUMMARY

Embodiments described or otherwise contemplated herein
substantially meet the aforementioned needs. Embodiments
of startup algorithms reach the targeted delivery rate or
steady state in minimal time without requiring clinicians to
prime the pump, employ a brake, or rely on patient vital sign
data or other analysis.
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In an embodiment, a method of driving an infusion pump
motor comprises driving the infusion pump motor at a first

rate; determining an inflection point of a sensed parameter;
and driving the infusion pump motor at a second rate.

In an embodiment, an infusion pump comprises a pump-
ing mechanism including at least one sensor and a pump
motor; and a pump control subsystem configured to control
operation of the pumping mechanism, the pump control
subsystem including: a processor, a memory, and a startup
module configured to: drive the pump motor at a first rate,
receive mput from the at least one sensor, and drive the
pump motor at a second rate based on the put recerved
from the at least one sensor.

In an embodiment, a closed-loop control circuit for driv-
ing an infusion pump motor comprises a proportional gain
module; an integral gain module; a dertvative gain module;
a monitor for controlling a switchable input based on output
of the proportional gain module, the integral gain module,
and the derivative gain module; and a summer configured to
receive the switchable input and an infusion pump motor
speed and output a pump motor drive command.

In a feature and advantage of embodiments, startup algo-
rithms eflectively remove mechanical slack from the drive
train of the pump and increase the force placed on the
syringe plunger 1 a significantly shorter amount of time
than 1f the motor simply ran at its intended rate, as 1s typical
in conventional pumps.

In a feature and advantage of embodiments, startup algo-
rithms control motor commands to allow for the delivery of
arbitrarily complex patterns, as the evaluation and subse-
quent delivery 1s conducted in bursts or stages. Therelore,
delivery based on what will be due by an arbitrary point 1n
time makes complex patterns easier to deliver. Additionally,
embodiments enable the software implemented by startup
algorithms to safely transition motor control.

In a feature and advantage of embodiments, overshoot or
overdelivery of fluids to patients 1s minimized. Embodi-
ments provide a relatively smooth transition from startup to
delivery at the desired rate.

The above summary 1s not intended to describe each
illustrated embodiment or every implementation of the sub-
ject matter hereof. The figures and the detailed description
that follow more particularly exemplify these embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Subject matter hereol may be more completely under-
stood 1n consideration of the following detailed description
of various embodiments 1n connection with the accompa-
nying figures, in which:

FIG. 1 1s an example graph of flow rate against time
depicting the deviation between actual and target delivery
rates during startup conditions for a traditional infusion
pump.

FIG. 2A 1s a perspective view of an example of a syringe
type mfusion pump, according to an embodiment.

FIG. 2B 1s a front view of an example of an ambulatory
type mfusion pump, according to an embodiment.

FIG. 3 1s a block diagram of an infusion pump system,
according to an embodiment.

FI1G. 4A 15 a diagram of a force sensor bending movement,
according to an embodiment.

FIG. 4B 1s a perspective view of a force sensor compo-
nent, according to an embodiment.

FIG. 5 1s a graph of flow rate with respect to time,
depicting a pump motor command through startup, accord-
ing to an embodiment.
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FIG. 6 1s a graph of flow rate and force with respect to
time, depicting a shortened time to steady state delivery,

according to an embodiment.

FIG. 7 1s a graph of pump motor rate and force with
respect to time, during startup conditions and illustrating a
motor rate algorithm according to an embodiment.

FIG. 8 1s a flowchart of a motor rate algorithm, according,
to an embodiment.

FIG. 9 1s an annotated graph of motor rate and force with
respect to time, during startup conditions 1llustrating a state
identification startup algorithm, according to an embodi-
ment.

FIG. 10 1s a graph of force, force velocity, and force
acceleration with respect to time, during startup conditions
for a state identification startup algorithm, according to an
embodiment.

FIG. 11 1s a flowchart of a startup algorithm, according to
an embodiment.

FIGS. 12A and 12B are graphs of force, force velocity,
and force acceleration with respect to time, illustrating a
minimized startup time according to the startup algorithm of
FIG. 11, according to embodiments.

FIG. 13 1s a tflowchart of a state identification startup
algorithm, according to an embodiment.

FIG. 14 1s a tflowchart of a state identification startup
algorithm, according to an embodiment.

FIG. 15 1s a schematic diagram of a control circuit for a
startup algorithm, according to an embodiment.

FIG. 16 1s a flowchart of operation for a startup algorithm
implementing the control circuit of FIG. 15.

While embodiments are amenable to various modifica-
tions and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described 1n detail. It should be understood, however, that
the intention 1s not to limit subject matter hereotf to the
particular embodiments described. On the contrary, the
intention 1s to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of subject
matter hereol 1n accordance with the appended claims.

DETAILED DESCRIPTION OF THE DRAWINGS

FIGS. 2A and 2B show examples of infusion pumps 10A
and 10B, respectively, (also referred to more generally 1n
this disclosure by numeral 10), which can be used to
implement embodiments of the systems and methods dis-
cussed herein. In general, infusion pump 10A 1s a syringe-
type pump that can be used to deliver a wide range of drug
therapies and treatments. Infusion pump 10A includes a
pharmaceutical container or syringe 12, which 1s supported
on and secured to housing 14 by clamp 16, respectively. In
embodiments, syringe 12 can be separately supplied from
pump 10A. In other embodiments, syringe 12 1s an 1nte-
grated component of pump 10A. Syringe 12 includes a
plunger 18 that forces fluid outwardly from syringe 12 via
infusion line 20 that 1s connected to a patient. A motor and
lead screw arrangement internal to housing 14 of pump 10A
cooperatively actuates a pusher or plunger driver mechanism
22, to move plunger 18. In embodiments, a sensor (sche-
matically depicted 1n FI1G. 3, and which is typically internal
to plunger driver mechanism 22), monitors force and/or
plunger position 1n the syringe according to system speci-
fications.

Infusion pump 10B shown in FIG. 2B 1s an example of an
ambulatory-type pump that can be used to deliver a wide
range ol drug therapies and treatments. Such ambulatory
pumps can be comiortably worn by or otherwise removably
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coupled to a user for in-home ambulatory care by way of
belts, straps, clips or other simple fastening means; and can
also be alternatively provided in ambulatory pole-mounted
arrangements within hospitals and other medical care facili-
ties. Infusion pump 10B generally includes a peristaltic type
infusion pump mechanism that controls the flow of medi-
cation from a reservoir (not shown in FIG. 2B) of fluid
through a conduit passing along bottom surface 24 of pump
10B. This fluid can be from a cassette reservoir that 1s
attached to the bottom of pump 10B at surface 24, or from
an IV bag or other fluid source that 1s similarly connected to
pump 10B via an adapter plate (not shown) at surface 24.
Specifically, pump 10B uses valves and an expulsor located
on bottom surface 24 to selectively squeeze a tube of fluid
(not shown) connected to the reservoir or adapter plate to
cllect the movement of the fluid supplied by the reservoir, IV
bag, or other fluid source, through the tube and to a patient
in peristaltic pumping fashion. The embodiments of pumps
of FIGS. 2A and 2B are provided only by way of example
and are not intended to limit the scope of subject matter
hereot. Other types of pumps and other pump configurations
can be utilized in various embodiments.

Referring to FIG. 3, an infusion pump system 100 com-
prises, 1n an embodiment, infusion pump 102 (such as one
of infusion pumps 10A and 10B described above). Option-
ally, and as depicted in FIG. 3, infusion pump 102 can be
operably coupled to a network or computer 104 having
soltware configured to interface with infusion pump 102.

In an embodiment, infusion pump 102 generally com-
prises pump control subsystem 106, pumping mechanism
108, and I/O port 110. Pump control subsystem 106 includes
a processor 112 and memory 114 programmable with
selected protocols, profiles and other settings for controlling
operation of a pumping mechanism 108 such as, e.g., the
alorementioned syringe and peristaltic type mechanisms.
Pump control subsystem 106 further comprises startup mod-
ule 116.

Processor 112 can be any suitable programmable device
that accepts digital data as iput, 1s configured to process the
input according to instructions or algorithms, and provides
results as outputs. In an embodiment, processor 112 can be
a central processing unit (CPU) configured to carry out the
instructions of a computer program. In other embodiments,
processor 112 can be an Advanced RISC (Reduced Instruc-
tion Set Computing) Machine (ARM) processor or other
embedded microprocessor. In other embodiments, processor
112 comprises a multi-processor cluster. Processor 112 1s
therefore configured to perform at least basic selected arith-
metical, logical, and 1mput/output operations.

Memory 114 can comprise volatile or non-volatile
memory as required by the coupled processor 112 to not only
provide space to execute the nstructions or algorithms, but
to provide the space to store the instructions themselves. In
embodiments, volatile memory can include random access
memory (RAM), dynamic random access memory
(DRAM), or static random access memory (SRAM), for
example. In embodiments, non-volatile memory can include
read-only memory, flash memory, ferroelectric RAM, hard
disk, tloppy disk, magnetic tape, or optical disc storage, for
example. The foregoing examples 1n no way limit the type
of memory that can be used, as these embodiments are given
only by way of example and are not intended to limit subject
matter hereof.

Startup module 116 comprises algorithms or instructions
for startup of infusion pump 102, as will be described further
below. As depicted, startup module 116 can be implemented
as part of pump control subsystem 106 by utilizing processor
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112 and memory 114. In other embodiments (not shown),
startup module 116 can be implemented by a processor and
memory separate from pump control subsystem 106, pro-
cessor 112 and memory 114.

In embodiments, pumping mechanism 108 comprises a
sensor 118 and a motor 120 and 1s operably coupled to one
or more internal or external reservoirs, IV bags, or other
fluid sources.

In an embodiment, sensor 118 1s configured to monitor
force. For example, in embodiments described above,
wherein infusion pump 102 1s a syringe pump such as
infusion pump 10A having syringe 12 that includes plunger
18 that forces fluid outwardly from syringe 12 via infusion
line 20 that 1s connected to a patient, sensor 118 can be
located at the point where mechanism 22 of infusion pump
102 contacts plunger 18 of syringe 12 1n order to measure
the force imparted by one on the other. In embodiments,
sensor 118 can be located at other locations within, or
outside of, mechanism 22. Sensor 118 can comprise a force
Sensor, pressure sensor, distance sensor or any other suitable
sensor. In other embodiments, pumping mechamsm 108
comprises one or more additional sensors 118. In embodi-
ments, sensor 118 can also be used to determine occlusion
within syringe 12 and/or infusion line 20.

Referring to FIGS. 4A and 4B, an embodiment of a force
sensor 150 utilizing a lever arm 1s depicted. In embodiments,
force sensor 150 can detect fluid flow, lack of fluid flow (i.e.,
because of an occlusion) or other force or movement based
on force imparted on force sensor 150. For example, 1n one
embodiment a thumbpress of a syringe plunger can be
arranged against, adjacent, or otherwise proximate force
sensor 150 that 1s mcorporated 1 pump 10A by way of a
pivotable coupling (not illustrated) of post or pin 152 with
drive mechanism 22. Although not illustrated, 1t 1s to be
understood that 1n this example, the plunger’s thumbpress
would be positioned to reside in V-slot 154 of sensor 150.
When drive mechanism 22 exerts force against the syringe’s
thumbpress, 1n operation of pump 10A, a force 1s corre-
spondingly exerted against force sensor 150. It 1s to be
appreciated that a smaller diameter thumbpress—of a cor-
respondingly smaller diameter and thus smaller volume
syringe—will advantageously result 1n a larger force sensed
at sensor 150 1n lever fashion since such force 1s imparted at
a distance that 1s farther from post or pin 152 than would
occur with a larger thumbpress of a larger syringe. As such,
smaller operative forces attributable to smaller syringes can
be as reliably sensed as larger forces attributable to larger
syringes. This variable pivoting of sensor 150, depending
upon the size of the syringe thumbpress, can be detected and
the corresponding force sensed by, e.g., a capacitive, piezo-
clectric, resistive, or other suitable effect component. Gen-
erally, such a force sensor system can be employed as
described 1n published PCT Publication No. WO 2013/
177379, entitled “Occlusion Detection.”

Referring again to FIG. 3, motor 120 i1s configured to
drive fluid from one or more internal or external reservoirs,
IV bags, or other fluid sources, to the patient. For example,
in embodiments described above, motor 120 and a lead
screw arrangement internal to housing 14 of pump 10A
cooperatively actuates a pusher or plunger driver mechanism
22, to move plunger 18. Motor 120 can therefore comprise
any suitable drive mechanism.

Infusion pump 102 can further include a USB port,
wireless interface, or other approprniate mput/output (I/O)
interface port 110 for connecting infusion pump 102 to
network or computer 104 having soitware configured to
interface with infusion pump 102. In embodiments, network
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or computer 104 can transmit, via interface port 110,
updated soitware or algorithms for pump control subsystem
106, and 1n particular, startup module 116. Power to infusion
pump 102 1s accomplished via an AC power cord and/or
internally provided battery.

In embodiments, startup module 116 1s configured to
utilize information provided by sensor 118 to regulate motor
120 rate 1n an informed, active, and substantially real-time
manner that dramatically improves the performance of infu-
sion pump 102.

For example, referring to FIG. 5, an example of a graph
of tlow rate with respect to time for an embodiment of a
motor command through startup 1s generally depicted. Time
1s depicted along the x-axis and flow rate 1n mL/hr 1s
depicted along the y-axis. At start 200, a flow rate begins at
time 0. As depicted, the flow rate begins at a rate greater than
0 because of embodiments of startup motor command 202,
as will be described further below. Embodiments of startup
motor command 202 can be 1ssued immediately after pump
power-on, 1n embodiments, or as soon as the hardware and
software will accept such command. Therefore, as depicted,
startup motor command 202 1s run throughout startup until
shut down trigger point 204. In embodiments, the transition
from startup motor command 202 to shut down trigger point
204 can be, for example, stepped, curved, sinusoidal,
decreasing, a function of force, a function of force velocity,
a fTunction of force acceleration, or multiple triggers in
combination. At shut down trigger point 204, startup motor
command 202 1s exited or terminated. In embodiments, a
“stop” or “shutdown” command i1s given. In other embodi-
ments, a startup algorithm operating within or 1n cooperation
with command 202 exits or terminates due to one or more
measured values (such as those provided by sensor 118)
between, e.g., pump 102 and mechanism 108 in FIG. 3. In
other embodiments, the startup algorithm exits or terminates
due to normal exit or termination conditions of the algo-
rithm. At programmed delivery 206, the pump begins typical
programmed delivery, according to the pump protocol. At
end 208, the pump exits or terminates 1ts typical pro-
grammed delivery. Therefore, 1n general, as illustrated by
FIG. S, a startup command to a pump motor 1s mtroduced,
and subsequently, the flow 1s transitioned at a trigger point
to commanded, programmed delivery.

Referring to FIG. 6, the results of an implementation of an
embodiment of a motor command through startup, for
example, the motor command through startup algorithm
illustrated by FIG. 5, 1s depicted. The results of FIG. 6 are
in contrast to the problem illustrated by FIG. 1. In other
words, the flow rate curve of flow rate and plunger force
with respect to time are illustrated when embodiments of
startup algorithms are implemented according to subject
matter hereof. Time 1s depicted along the x-axis. Flow rate
in ml/hr 1s depicted along one y-axis, and force 1s depicted
along the opposite y-axis.

Commanded rate 300 comprises a linear rate depicting the
motor speed commanded by the startup algorithm. Measured
rate 302 comprises a measured linear rate. Instantaneous rate
304 comprises the mnstantaneous linear rate of a fluid mass
actually delivered. Plunger force 306 comprises the force
measured by, for example, sensor 118. According to embodi-
ments ol a motor command through startup algorithm, the
time elapsed until the measured (linear) rate 302 and the
instantaneous rate 304 reach their respective steady states 1s
greatly reduced when compared to the elapsed time of FIG.
1. Likewise, upper error 308 and lower error 310 are
mimmized when compared to, e.g., FIG. 1. Plunger force
306 1s shown and transitions from a generally increasing
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force from about time=0 minutes to about time=4 minutes,
and then to a generally constant force thereatter. In embodi-
ments of startup algorithms according to subject matter
hereot, the startup sequence 1s entered at time=0 minutes and
generally exited or terminated at about time=4 minutes as
the steady state i1s reached and the pump transitions to
programmed delivery. It 1s to be appreciated and understood,
however, that the steady state time depicted in the example
of FIG. 6, about 4 minutes, will vary depending upon
particular parameters and characteristics of a specific
embodiment. Thus, for example, use of relatively larger
syringes of relatively larger volumes may result 1n corre-
spondingly greater times to reach steady state. As 1llustrated,
in an embodiment of a motor command startup algorithm,
when compared to the deviation between actual and target
delivery rates during startup conditions for a traditional
infusion pump, the startup error 1s cut by 8 fold, from 0.497
mL to 0.067 mL. In embodiments, the startup error can be
reduced or cut by more or less than the example depicted in
FIG. 6, depending on the application, hardware, and startup
algorithm, among other factors.

Motor Rate Startup Algorithm

Referring to FIG. 7, an illustration of a motor rate startup
algorithm 1s depicted, according to an embodiment of sub-
ject matter hereof and 1n an example utilizing a syringe
pump. Time 1s depicted along the x-axis, and motor rate and
plunger head force are depicted along the y-axis. The motor
rate required for target delivery rate 400 1s 1llustrated as a
substantially constant horizontal line. In embodiments, the
motor rate required for target delivery rate 400 1s the steady
state rate at which programmed delivery 1s desired.

Force-dependent motor rate 402 and the plunger head
force sensor status 404 are interrelated, as depicted 1n FIG.
7. In an embodiment, force-dependent motor rate 402 1is
initially configured for an accelerated motor rate 406 (in
embodiments, as a fTunction of the force sensed, as depicted
by plunger head force sensor status 404, and as will be
described). In embodiments, an 1nitial accelerated motor rate
406 can be any approprate rate according to the particular
pump hardware 1n use. During this stage, the plunger head
force 1s negligible. This period of accelerated motor rate 406
removes mechanical slack from the drive train of the pump
and 1ncreases the force placed on the syringe plunger 1n a
significantly shorter amount of time than 1f the motor simply
ran at its itended rate (e.g. target delivery rate 400). This
shortened time 1s particularly apparent when using
extremely slow rates which may be needed to produce
deliberate flmd delivery rates typical of pediatric care or
when highly potent drugs are involved. In embodiments, for
example, the plunger-driven infusion pump of pump 10A,
during the period of accelerated motor rate 406, the motor
(for example, motor 120) therefore advances the pump
plunger (for example, plunger 18) at an accelerated rate until
the force applied to the plunger reaches the magnitude
required to overcome opposing forces (e.g., mertial, static
friction, back pressure). In an embodiment, force-dependent
motor rate 402 then transitions to the rate appropriate for the
intended fluid delivery rate, as depicted by transitioning
motor rate as a function of force 408 (which 1s decreasing,
and will be described below). At the time where the pump
transitions from startup conditions to steady state 412, the
motor rate has transitioned from a force-dependent rate to a
steady state rate 410.

With respect to the plunger head force, embodiments can
include the force sensed by sensor 118 in FIG. 3. The
plunger head force sensor status 404 1s mitially negligible,
as shown by the plunger head force sensor status 404
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segment labeled “Negligible Force as System Slack
Removed 414.” During pump startup, there 1s increasing
force at 416 as, for example mechanism 22 in FIG. 2A
contacts plunger 18. This increasing force 1s necessarily
related to the transitioning motor rate as a function of force
408, as described above, and as shown 1n FIG. 7. At the time
where the pump transitions from startup conditions to steady
state 412, a cutofl force 418 1s detected, sensed, or otherwise
determined by the sensor (e.g. sensor 118 in FIG. 3).
Subsequently, as described with respect to the force-depen-
dent motor rate 402, the motor rate transitions from a
force-dependent rate to a steady state rate 410. Likewise,
plunger head force sensor status 404 transitions to a steadily-
sensed force. In embodiments, sensor 118 can then be used
for ongoing steady-state programmed delivery functions,
such as occlusion sensing, as the startup algorithm sequence
concludes.

For example, referring to FIG. 8, a flowchart of an
embodiment of a motor rate startup algorithm 3500 1s 1llus-
trated. Embodiments of motor rate startup algorithm 500 can
be implemented by, for example, and referring to FIG. 3,
pumping mechanism 108 as directed by, for example, pump
control subsystem 106 and startup module 116.

At 502, the pump motor 1s driven at an accelerated rate.
At decision point 304, it 1s determined whether the force
sensed by sensor 118 1s increasing. If the sensed force 1s not
increasing, motor 120 continues to be driven at an acceler-
ated rate at 502. If, at decision point 504, the sensed force
1s determined to be increasing, motor 120 transitions to a
transitioning rate at 506. In embodiments, the transitioning
rate can be a lower rate due to the removal of system slack
and the plunger driver mechanism contacting the syringe
plunger. In embodiments, motor 120 1s driven at a transi-
tioming rate at 506 that 1s analogous to transitioning rate 408
in FI1G. 7. At decision point 508, it 1s determined whether the
force sensed by sensor 118 has reached the cutofl force. If
the sensed force has not reached the cutoft force, motor 120
continues to be driven at the transitioming rate. If, at decision
point 508, the sensed force has reached the cutofl force,
motor 120 moves to a steady state rate at 510.

In embodiments, the force sensed by sensor 118 1s pro-
vided continuously, or substantially in real-time, to, for
example, pumping mechanism 108 1n order to vanably
control motor 120. As such, decision points 504 and 508 can
be implemented not as discrete decision points, but thresh-
olds to be reached. One skilled in the art will readily
appreciate the possibilities for implementation of motor rate
startup algorithm 500. The example provided by FIG. 7 1s
intended to be illustrative of an embodiment given only by
way of example and 1s not mtended to limit the scope of
subject matter hereof.

State Identification Startup Algorithm

In an embodiment, a pump startup algorithm 1s configured
to 1dentity a plurality of startup states. By utilizing the
correlation between various pumping characteristics, such as
actual delivery rate, expected delivery rate, and force sensor
status, among others, startup states can be identified. The
pump motor can be controlled depending on the current
state. In embodiments, known future states can also be
considered and included for determinations of motor con-
trol. In embodiments, past states can also be considered and
included for determinations of motor control.

Referring to FIG. 9, an annotated graph of the correlation
between actual delivery rate, expected delivery rate and
force sensor status 1s depicted, according to an embodiment.
Time 1 minutes 1s depicted along the x-axis. Flow rate 1n
ml/hr 1s depicted along one y-axis, and force 1s depicted
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along the opposite y-axis. Additionally, the respective
startup segments or states and the corresponding parameters
are 1dentified along the x-axis. Target delivery rate 600 is
depicted at 1 mL/hr as a horizontal line across FI1G. 9. Target
delivery rate 600 1s the steady state rate at which the delivery
1s desired. The curves of the plunger linear rate of travel 602,
actual delivery rate 604, plunger head force 610, plunger
head force velocity 606, and plunger head force acceleration
608 are also depicted, and will be described further below.
As referenced throughout this document, the term “plunger
head force” pertains to a force exerted by, for example,
plunger driver mechanism 22 on plunger 18, and may be
sensed and measured by, for example, sensor 118. As
depicted in FIG. 9, plunger linear rate of travel 602 has been
scaled up according to the cross-section of the syringe to
provide a more meaningiul 1llustration, and 1s not to scale.
Referring to Table 1 below, 1n an example of a syringe
pump embodiment of subject matter hereof, each of the
individual startup states has a group of parameter values
unique to the respective state. In an embodiment, the group
of parameters is {D', F, F', F" }, where D' is the linear rate
of travel, F 1s the plunger head force, F' 1s the plunger head
force velocity, and F" 1s the plunger head force acceleration.
In other embodiments, other, additional, or fewer parameters
are utilized, according to the particular application and
startup goals. In the example embodiment of Table 1 below,
the respective states are determined based on the param-
eters’ values with respect to 0 (including positive or negative
indications). In embodiments, the respective states can be
determined not only by the group of parameter values with
respect to 0, but alternatively or additionally based on other
threshold values. In other embodiments, additional or fewer
startup states can be defined and utilized, according to the
respective embodiments and modes of operation.

TABLE 1

State Identification Startup Algorithm
States. Description, and Parameters

State Description Parameters
1 Internal Slack - Backlash, Gear Lash, D'=0
Thread Tolerances are still potential F=0
factors and the system is not F'=0
physically moving " =0
2 External Slack - The plunger driver D' >0
mechanism has not yet come into F=0
contact with the syringe plunger F'=0
" =0
3 Initiate Preload - The plunger driver D' >0
mechanism 1s making contact with F >0
the syringe plunger ' > 0
F" >0
4 Preload - The plunger driver D' >0
mechanism 1s imparting a force on F >0
the syringe plunger F'>0
F'" =0
5 Stiction - The force being applied by D' >0
the plunger driver mechanism 1s F >0
beginning to overcome the force of F'>0
static friction between the plunger F" <0
and the syringe
6 Motion - The force needed to D' >0
overcome static friction has been F>0
exceeded and the syringe plunger has ' = O
moved forward " <0
7 Steady State - The system has D' >0
reached delivery equilibrium F>=0
F'=20
" =0
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In State 1, the pump 1s in a state of “internal slack.” D',
F, F', and F" are all 0. There 1s no movement of the pump
motor or plunger. In embodiments of State 1, backlash, gear
lash, thread tolerances, gearing, clutch assemblies, linkage
couplings, and/or manufacturing or assembly tolerances, for
example, are present and have yet to be removed or
exceeded to enable plunger movement. In embodiments, the
length or duration of State 1 1s pump-dependent, 1n that the
unique characteristics of the pump aflect the ability of the
plunger to move.

In State 2, the pump 1s 1n a state of “external slack.” D' 1s
greater than O, indicating that the internal slack of State 1 has
been removed. In an embodiment, a linear potentiometer can
be monitored such that the pump (for example, pump control
subsystem 106), can determine when the potentiometer has
begun changing value. According to embodiments, one
skilled 1n the art will recognize that the “monitoring” can
also be by measurement of linear position and/or velocity. In
other embodiments, a system utilizing derived values can be
implemented. For example, a linear sensor can be omitted
and replaced with a derived signal such as a calculated linear
value that 1s based on the rotation of the motor. In embodi-
ments, the rotation can be monitored with a rotary-type
sensor and encoder (closed loop) or with a stepper motor
capable of running in an open loop mode (without an
encoder). In embodiments of State 2, the plunger driver
mechanism has not yet come into contact with the syringe
plunger. As a result, F, F', and F" all remain 0. In embodi-
ments, the length or duration of State 2 1s operator-depen-
dent, 1n that linear rate of travel of the plunger can be
determined by the operator.

In State 3, the pump 1s 1n a state of “initiate preload.” D',
F, and force-related derivatives F' and F" are all greater than
0. In embodiments of State 3, the plunger driver mechanism
1s making contact with the syringe plunger. In embodiments,
the length or duration of State 3 1s both pump-dependent and
operator-dependent.

In State 4, the pump 1s 1n a state of “preload.” D', F, and
F' all remain greater than 0. However, F" 1s equal to O, as
there 1s no more plunger head force 610 acceleration, and the
plunger 1s 1nstead increasing velocity at a constant rate. In
embodiments of State 4, the plunger driver mechanism 1s
imparting a force on the syringe plunger.

In State 5, the plunger experiences static Iriction or
“stiction” within, or with respect to, the syringe. D', F, and
F' all remain greater than 0. However, the force acceleration
F" 1s negative. In embodiments of State 3, the resulting
negative acceleration 1s due to the force being applied by the
plunger driver mechanism to overcome the aforementioned
stiction.

In State 6, the pump 1s 1n a state of “motion.” D' and F
remain greater than 0. F" remains negative. However, F' 1s
nonzero. In embodiments of State 6, the force needed to
overcome stiction has been exceeded and the syringe
plunger has moved forward. The force 1n State 6 1s so great
as to overcome stiction and transition to plunger motion, but
then falls off as the plunger moves as desired pump begins
to deliver. Newton’s First Law of Motion states that a body
at rest will remain at rest unless an outside force acts on it,
and a body 1n motion at a constant velocity will remain 1n
motion 1n a straight line unless acted upon by an outside
force. As a result, the maximum amount of force required to
move an object occurs at the point where motion first starts.
In embodiments, this point 1s State 6.

In State 7, the pump 1s 1 a state of “steady state.” In
embodiments of State /7, the system has reached equilibrium.
D' and F are both greater than O; but F' and F" both equal 0.
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In embodiments, F' and/or F" are roughly equal to 0 due to
a level of “noise” or external interference caused by, for
example, surface roughness or inconsistent lubrication, etc.
At this point, the pump has transitioned through 1ts startup
algorithm and 1s pumping according to the steady state rate
at which programmed delivery 1s desired.

In another embodiment, the entire startup sequence can be
cllectively moved up one state. For example, time O can be
the point at which the potentiometer i1s positive, thereby
indicating that the pump has started. State 1 can thus be
climinated, as embodiments of a startup algorithm can be
instantiated or i1nitialized after the potentiometer 1s deter-
mined to be positive (and the pump started). In other
embodiments of a startup algorithm, the method can be
programmed to wait until the positive potentiometer point
has been reached before proceeding to other states. The
startup sequence can therefore be further shortened and
made more eflicient.

In embodiments, startup algorithms according to the
subject matter disclosed herein can stop or decrease the rate
of pump motor or plunger motion at any of the state
conditions or within any of the state conditions. In an
embodiment, “stopping” the rate of pump motor or plunger
motion comprises stopping the scaled up rate of the motion
so that the plunger 1s no longer accelerating. For example,
the shut down trigger point can be at state 4, when the pump
1s 1n a state of “preload.” In another embodiment, the shut
down trigger point can be at state 5, when the plunger
experiences static Iriction or “stiction” within, or with
respect to, the syringe. In another embodiment, the shut
down trigger point can be at state 6, when the pump 1s 1n a
state ol “motion.” Effectively, referring again to FIG. 9,
target delivery rate 600 1s adjusted based on the measured
teedback of plunger head force 610 and/or the derived
values of plunger head force velocity 606 and plunger head
force acceleration 608, according to their respective param-
cters within the state conditions.

Referring to FIG. 10, an example startup sequence of the
force curve for a pump 1s illustrated. Time 1n seconds 1s
depicted along the x-axis. Force 1n lbs 1s depicted along one
y-axis, and velocity and acceleration are depicted along the
opposite y-axis. In the example of FIG. 10, the startup curve
1s 1llustrative of a 20 mL/hr, 60 cc syringe system. Force
velocity 702 was obtained by: AF/At (change 1n force 700
over change 1n time), and force acceleration 704 was cal-
culated using: AF'/At (change in force velocity 702 over
change 1n time). Note that the force acceleration 704 mag-
nitude was amplified by a factor o1 30 to allow it to be placed
on the same axes as force velocity 702, for the sake of
comparison.

As shown, by plotting the first and second derivatives of
force 700, AF/At and AF'/At respectively, important transi-
tion or inflection points in the force can be seen. The peaks
in force velocity 702 show inflection points within force
700, where the force 700 transitions between increasing and
decreasing rates. In embodiments, startup algorithms can
utilize one or more of the mflection points of force velocity
702 or force acceleration 704 as an indicator to change
motor speed 1in order to minimize or perhaps even prevent
overshoot of delivery at 708. Embodiments therefore result
in quick startup with a smooth transition to steady state at the
desired delivery rate.

In embodiments of startup algorithms, the motor speed 1s
commanded to decrease after the chosen intlection point as
a Tunction of either velocity or acceleration, or combinations
thereol, where appropriate. For example, 11 the first peak 706
of the force velocity 702 was chosen as the point to start
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decreasing speed, the motor speed then decreases over time
according to the absolute value of the velocity. In another
embodiment, a trigger switch point for the motor drive can
be at the negative point of force acceleration 704. In this
example, the trigger switch point would be 1nflection point
710 of force acceleration 704.

Referring to FIG. 11, a flowchart of an embodiment of a
startup algorithm 800 1s 1llustrated. Embodiments of startup
algorithm 800 can be implemented by, for example, and
referring to FIG. 3, pumping mechanism 108 as directed by,
for example, pump control subsystem 106 and startup mod-
ule 116.

At 802, the infusion pump motor, for example, motor 120,
1s driven at a first rate. In embodiments, the first rate can be
an accelerated rate; for example, that discussed with respect
to FIG. 8.

At 804, a determination of an inflection point for a
characteristic of the pump motor 1s made. In embodiments,
as described above with respect to FIG. 10, the characteristic
of the pump motor can be force velocity 702. In another
embodiment, the characteristic of the pump motor can be
force acceleration 704. In other embodiments, other char-
acteristics of the pump motor can be utilized, such as linear
rate of plunger travel.

At 806, the infusion pump motor 1s driven at a second
rate. In embodiments, the second rate can be a slower rate
than the first rate, or a transitional rate different than the first
rate.

Optionally, at 808, the infusion pump motor can be driven
at a third rate. In an embodiment, the third rate 1s a steady
state rate at which programmed delivery 1s desired. In
embodiments (not shown 1 FIG. 11), the driving of the
pump motor at a third rate 808 can be preceded by a
determination of an inflection point or other value of a
characteristic of the pump motor. In embodiments, the
characteristic of the pump motor can be the same charac-
teristic as evaluated at 804. In other embodiments, the
characteristic of the pump motor can be a diflerent charac-
teristic than was evaluated at 804.

Referring to FIGS. 12A and 12B, graphs illustrating the
results of 1mplementation of a startup algorithm—ior
example, startup algorithm 800—are shown. The data
graphed illustrates the transition from 20 mL/hr to 1 mL/hr
when a force acceleration inflection point 1s selected as the
transitional motor control point. As illustrated, there 1s
mimmal overshoot or overdelivery, and the pump reaches
steady state at 300 seconds.

Referring to FIG. 13, and again to FIG. 9, a flowchart of
an embodiment of a state identification startup algorithm
1000 1s 1llustrated. Embodiments of startup algorithm 1000
can be implemented by, for example, and referring to FIG.
3, pumping mechamsm 108 as directed by, for example,
pump control subsystem 106 and startup module 116.

State 1dentification startup algorithm 1000 can be utilized
in complex or untested startup sequences. Embodiments of
algorithm 1000 provide safety boundaries around startup
sequences. For example, algorithm 1000 provides a wrapper
around given startup commands by determining respective
states based on known boundary conditions.

For example, at 1002, an unknown state 1s entered. The
state can be unknown due to, as mentioned, a complex or
untested startup sequence being implemented. In embodi-
ments, the state can be unknown because of a software or
hardware error which effectively “drops” the algorithm at a
point 1 which 1t 1s unknown how far the startup sequence
has progressed. In other words, the algorithm has no record
or data as to what steps the algorithm has already executed.
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For example, 1t would be impossible to know, based merely
on time, whether the startup sequence was 1n State 1, State
7, or any state 1n between States 1 and 7. It could therefore
be problematic or perhaps even dangerous to drive the motor
faster, slower, (or even at the same rate, 1n certain cases)
without first understanding the point at which the startup
sequence currently exists.

A1 1004, the unknown state 1s determined based on known
boundary conditions. The boundary conditions can be deter-
mined by, for example, determination of inflection points as
illustrated 1n FIGS. 10-11 and/or as described with respect to
FIG. 9 and Table 1.

At 1006, algorithm 1000 allows the startup sequence to
transition to a subsequent state. If, as depicted, the subse-
quent state 1s also unknown, algorithm 1000 proceeds recur-
sively back to 1002. The subsequent unknown state can then
be determined at 1004 based on that state’s boundary
conditions. In other embodiments, future states can be
generally known and characterized. In such embodiments,
algorithm 1000 can proceed to a known state. Embodiments
of the methods disclosed herein therefore enable the soft-
ware 1mplemented by startup module 116 to more safely
transition motor control.

Referring to FIG. 14, and again to FIG. 9, a flowchart of
an embodiment of a state identification startup algorithm
1100 1s 1llustrated. Embodiments of startup algorithm 1100
can be implemented by, for example, and referring to FIG.
3, pumping mechanism 108 as directed by, for example,
pump control subsystem 106 and startup module 116.

Startup algorithm 1100 begins by entering internal slack
state 1102. Startup algorithm 1100 remains 1n internal slack
state 1102 until one or more boundary conditions 1103 are
reached. If the one or more boundary conditions are reached
1103, startup algorithm 1100 exits internal slack state 1102
and enters external slack state 1104.

Startup algorithm 1100 remains in external slack state
1104 until one or more boundary conditions 1105 are
reached. If the one or more boundary conditions are reached
1105, startup algorithm 1100 exits external slack state 1104
and enters 1nmitiate preload state 1106.

Startup algorithm 1100 remains 1n 1nitiate preload state
1106 until one or more boundary conditions 1107 are
reached. If the one or more boundary conditions are reached
1107, startup algorithm 1100 exats initiate preload state 1106
and enters preload state 1108.

Startup algorithm 1100 remains 1n preload state 1108 until
one or more boundary conditions 1109 are reached. If the
one or more boundary conditions are reached 1109, startup
algorithm 1100 exits preload state 1108 and enters stiction
state 1110.

Startup algorithm 1100 remains 1n stiction state 1110 until
one or more boundary conditions 1111 are reached. If the
one or more boundary conditions are reached 1111, startup
algorithm 1100 exits stiction state 1110 and enters motion
state 1112.

Startup algorithm 1100 remains 1n motion state 1112 until
one or more boundary conditions 1113 are reached. If the
one or more boundary conditions are reached 1113, startup
algorithm 1100 exits motion state 1112 and enters steady
state 1114.

Boundary conditions 1103, 1105, 1107, 1109, 1111, and
1113 can be determined by, for example, determination of
inflection points as illustrated 1n FIGS. 10-11 and/or as

described with respect to FIG. 9 and Table 1.
PID-F Startup Algorithm

In an embodiment, a pump startup algorithm can be
implemented by a PID-F algorithm and control circuit. The
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term “PID-F” refers to a control circuit that includes: a
“Proportional” component, relating to a stable mechanical
system wherein mputs equal output; an “Integrator” com-
ponent, relating to error; a “Dernvative” component, relating,
to rate changes; and a “Feed-forward” component, relating
to predictable, repeatable, and short time duration events.

Referring to FIG. 15, a schematic diagram of a PID-F
control circuit 1200 for a startup algorithm 1s depicted.
Control circuit 1200 comprises a control loop feedback
controller. In general, control circuit 1200 calculates an
“error” value as a diflerence between a measured process
variable and a desired setpoint. Control circuit 1200 mini-
mizes this error by adjusting the process control inputs.
Generally, control circuit 1200 can inmitially drive the motor
at a high rate, and then reduce the motor drive rate based on
the control loop feedback controller. Effectively, then, con-
trol circuit 1200 functions to selectively reduce the motor
drive rate.

The control circuit can be implemented, for example, on
pump 102, and particularly, processor 112 and/or memory
114. One skilled 1n the art will appreciate that startup module
116 can also include components of the control circuit and
related processing. In an embodiment, the control output
comprises two commands. The first command 1s a user
motor drive rate command, 1n a feed-forward (the “F”, in
“PID-F”") path 1221 as will be described. The second com-
mand 1s a PID-based closed-loop force control. In embodi-
ments, a trigger switch point for varying the motor control
drive rate 1s based on closed-loop error.

According to an embodiment, an mput to control circuit
1200 comprises motor speed, or the user-commanded pump
rate. In embodiments, syringe type 1s another input, which 1s
utilized by a lookup table 1201, as will be described. In
another embodiment a timer 1223 input 1s a so-called
“watchdog”™ which limits an amount of time 1n performing
the control, and stops the processing 1 the time 1s exceeded.
According to an embodiment, motor speed i1s output by
output control circuit 1200. In embodiments, the motor
speed output 1s the motor speed to run at a particular delivery
rate.

In an embodiment, table 1201 comprises a look-up table.
In an embodiment, motor speed and syringe type are input
to table 1201. Other inputs are, of course, possible according
to embodiments of subject matter hereof. Table 1201 can
output a force command, F_cmd 1210 to the PID closed loop
control. In an embodiment, F_cmd 1210 i1s a function of
motor speed and syringe type.

First summer 1203 generates an error signal. In an
embodiment, the error 1s calculated by: Error=F_cmd-
F_process. As will be described, F_process 1s the output
from H_process 1217.

P Gain 1209 comprises the proportional gain. The error
output from first summer 1203, F_error, 1s input to P Gain
1209. In an embodiment, the function of P Gain 1209 1s:
P_out=P_gain*F_error.

I Gain 1211 comprises the mtegral gain. In an embodi-
ment, I Gain 1211 stores a runming sum of the error times the
I gain. Typical use 1s to drive the control to match the
commanded input, making F_error=0. In an embodiment,
the output of I Gamn 1211 1s calculated by: I _out=
(I_gamn™F_error)*sample period+]_out_last;
I out last=I out.

D Gain 1213 comprises the derivative gain. In an embodi-
ment, the processing of D Gain 1213 1s: D_out=(F_error-
F_error_last)/sample period.

Second summer 1205 combines the P Gain 1209, I Gain
1211, and D Gain 1213 outputs. In an embodiment, the
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output provided by Second summer 1205 1s calculated by:
Second summer 1205 Output=P Gain out+l Gain out-D
(Gain out.

Drive Limits 1215 limits the PID contribution output
contribution. It provides an upper level so-called “clamping™
eflect, 1n embodiments.

Third summer 1207 combines the Drive Limits 1215
signal and the feed-forward signal and outputs to the motor
drive 1222 according to: Output=motor speed mput+PID-
_out. The feed-forward signal therefore provides the motor
speed as mput to third summer 1207 of control circuit 1200.

On/ofl switch 1220 functions to, alternatively, include or
block out the closed-loop PID of P Gain 1209, I Gain 1211,
and D Gain 1213. When blocked out, feed-forward 1s the
only signal going to the motor.

H_process 1217 comprises the pump dynamics. Accord-
ing to an embodiment, H_process 1217 recerves motor drive
1222 as an mnput, and outputs the force sensor data (F_Pro-
Cess).

In an embodiment, monitor 1219 comprises the control
algorithm(s). In an embodiment, monitor 1219 monitors the
control conditions and determines when to block out the PID
via on/off switch 1220. In embodiments, for example, as
shown 1n FIG. 15, timer 1223, syringe type 1225, and
F_error 1227 can be mput to monitor 1219 to determine the
switch 1220 conditions. In another embodiment, only timer
1223 1s mput to monitor 1219. In an embodiment, timer
1223 1s a watchdog limiting the amount of time performing
the control algorithm, stopping the algorithm if the time
limait 1s exceeded. In another embodiment, only syringe type
1225 15 input to momtor 1219. In embodiments, one or more
measures of syringe type 1225 or syringe distance (not
shown) can be mput to monitor 1219. In another embodi-
ment, only F_error 1227 1s mput to monitor 1219 to deter-
mine the switch 1220 conditions. In other embodiments,
combinations or the alforementioned inputs or other inputs
can be utilized by monitor 1219.

Referring also to FIG. 16, a tlowchart of operation for a
startup algorithm 1300 implementing the PID-F control
1200 of FIG. 15 1s depicted. The element labels of control
1200 are retlected 1n FIG. 16 for ease of relation between the
two figures.

Startup algorithm 1300 begins at start 1202. At 1204,
motor speed 1s mnput to control circuit 1200. At 1206, the
control determines switch setting. At 1208, 1f the motor
speed 1s equal to or greater than a given value, for example,
V . or the minimum motor rate for normal startup, below
Wthh the start algorithm becomes active, startup algorithm
1300 proceeds to stop 1222 (because 1n such a condition, the
startup algorithm 1s not needed to quickly start the pump).
But if, at 1208, the motor speed 15 less than a given value (in
embodiments, V), F_cmd 1s set at 1210 (because in such
a condition, the startup algorithm 1s needed to quickly start
the pump). As described, F_cmd 1210 can be set by lookup
table value according to mputs of motor speed and syringe
type.

At 1212, PID on/ofl 1220 1s switched according to output
from monitor 1219. At 1214, the absolute value of the error
calculated 1s checked against a window. If the absolute value
of the error calculated 1s equal to or greater than the window,
a time duration t 1s checked against a timeout. If the time
duration t 1s less than or equal to the timeout, startup
algorithm 1300 recursively proceeds to PID output 1220 and
subsequently, back to 1214, the determination of the abso-
lute value of the error against a window. If the time duration
t 1s greater than the timeout, startup algorithm 1300 proceeds
to switch out (or block out) the PID at 1218. If, referring
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again to 1214, the absolute value of the error calculated 1s
less than the window, startup algorithm 1300 proceeds to
switch out (or block out) the PID at 1218. Startup algorithm
1300 ends at stop 1222.

Embodiments of PID-F startup algorithm 1300 can be
implemented by, for example, and referring to FIG. 3,
pumping mechanism 108 as directed by, for example, pump
control subsystem 106 and startup module 116.
Combination Startup Algorithms

In embodiments, a pump startup algorithm can ncorpo-
rate aspects of the Motor Rate Startup Algorithm, the State
Identification Startup Algorithm, and/or the PID-F Startup
Algorithm 1n combination. For example, a monitor of the
embodiment of a PID-F Startup Algorithm can determine the
current position along the startup sequence, such as any one
of the seven states illustrated in FIG. 9 of embodiments of
a State Identification Startup Algorithm. In embodiments,
then, pump systems include combinations of software and
hardware to reach targeted delivery rate or steady state in
mimmal time. One skilled 1n the art will readily appreciate
that startup algorithms according to the subject matter
disclosed herein can stop or decrease the rate of pump motor
or plunger motion at any of the state condition boundaries or
within any of the state conditions, segments, or phases
identified by, for example, the Motor Rate Startup Algo-
rithm, the State Identification Startup Algorithm, and/or the
PID-F Startup Algorithm, alone or in combination.
Characterization of Breakout Forces

In embodiments, startup algorithms can utilize a database
of characterized syringe breakout forces as alorementioned.
For example, referring to FIG. 3, network/PC 104 can
provide, via I/O port 110, access for pump 102 to a database
of breakout forces. In embodiments, memory 114 can also
store data for breakout forces.

As described above, each pump has unique gearing,
clutch assemblies, linkage couplings, and manufacturing or
assembly tolerances that all introduce varying amounts of
discontinuity that in turn inhibit or prevent motive force
from being nstantly or completely translated into fluid tlow.
By determination of a particular syringe and 1ts particular
breakout force, determination of the individual startup states
and their respective progression can be further defined and
characterized. As a result, startup sequence progression can
be more easily transitioned. In embodiments, the particular
breakout forces are stored by, for example, table 1201. In

embodiments, table 1201 can comprise not just a single
table, but a plurality of tables. In embodiments, table 1201
can comprise parameters or data that aflect pump startup
reaching steady state. Other parameters that can be stored in,
for example, table 1201 or a plurality of tables, are the age
of the pump (new pump, old pump, hours of use, etc.), a
sensor calibration, tubing type (material, friction coeflicient,
etc.), tubing diameter, tubing length, needle size, and the
viscosity of the infusing substance, among others. One
skilled 1n the art will readily appreciate that any modifying
parameter can be utilized in table 1201.

Various embodiments of systems, devices, and methods
have been described herein. These embodiments are given
only by way of example and are not intended to limit the
scope of subject matter hereof. It should be appreciated,
moreover, that the various features of the embodiments that
have been described may be combined 1n various ways to
produce numerous additional embodiments. Moreover,
while various materials, dimensions, shapes, configurations
and locations, etc. have been described for use with dis-
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closed embodiments, others besides those disclosed may be
utilized commensurate with the scope of subject matter
hereof.

Persons of ordinary skill in the relevant arts will recognize
that subject matter hereof may comprise fewer features than
illustrated 1n any individual embodiment described above.
The embodiments described herein are not meant to be an
exhaustive presentation of the ways i which the various
features of subject matter hereof may be combined. Accord-
ingly, the embodiments are not mutually exclusive combi-
nations of features; rather, the subject matter hereol may
comprise a combination of different individual {features
selected from diflerent individual embodiments, as under-
stood by persons of ordinary skill 1n the art.

Any 1incorporation by reference of documents above 1s
limited such that no subject matter 1s 1ncorporated that is
contrary to the explicit disclosure herein. Any incorporation
by reference of documents above 1s further limited such that
no claims included in the documents are incorporated by
reference herein. Any incorporation by reference of docu-
ments above 1s yet further limited such that any definitions
provided 1n the documents are not incorporated by reference
herein unless expressly imcluded herein.

For purposes of interpreting the claims of subject matter
hereoft, 1t 1s expressly intended that the provisions of Section
112, sixth paragraph of 35 U.S.C. are not to be mmvoked
unless the specific terms “means for” or “step for” are
recited 1n a claim.

The mvention claimed 1s:

1. An 1nfusion pump configured to reach a steady state,
target delivery rate with minimal delay, the mfusion pump
comprising;

a pumping mechanism including at least one sensor and a

pump motor; and

a pump control subsystem configured to control operation

of the pumping mechamsm, the pump control subsys-
tem including:
a Processor,
a memory, and
a startup module configured to:
drive the pump motor at a steady state accelerated
motor rate until a force 1s sensed by the at least one
SeNsor,
drive the pump motor at a gradual, decreasing tran-
sitional rate according to a function of the force
sensed by the at least one sensor, wherein the
transitional rate 1s an iverse function of the force
sensed by the at least one sensor,
determine when the force sensed by the at least one
sensor reaches a magnitude required to overcome
forces opposing medicament delivery, and
upon determining that the force sensed by the at least
one sensor has reached a magnitude required to
overcome forces opposing medicament delivery,
drive the pump motor at a steady state rate.

2. The mfusion pump of claim 1, wherein the pumping
mechanism comprises a piston-pumping system including a
syringe driver.

3. The mnfusion pump of claim 1, wherein the transitional
rate 1s steady state, decreasing, stepped, curved, sinusoidal,
or a combination thereof.

4. The mfusion pump of claim 1, wherein the at least one
sensor 1s a force sensor utilizing a lever arm.

5. The mfusion pump of claim 1, wherein the startup
module 1s further configured to derive at least one parameter
based on the mput received from the at least one sensor,
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wherein the pump motor 1s driven at the steady state rate
based at least on the at least one derived parameter.

6. The infusion pump of claim 5, wherein the at least one
sensor 1s a current sensor.

7. The infusion pump of claim 1, wherein the startup 5
module 1s further configured to determine a boundary con-
dition based on the iput received from the at least one
SENnsor.

8. The infusion pump of claim 7, wherein the boundary
condition determines an inflection point of data derived from 10
the mput recerved from the at least one sensor.
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